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♣ -%❛❝❦✐♥❣✱ ❛♥❞ ❱❛♥ ❞❡$ ❲❛❛❧- ❝♦♥%❛❝%-✱ ❛$❡ $❡-♣♦♥-✐❜❧❡ ❢♦$ %❤❡ ♦♣%✐❝❛❧ ❛♥❞

❡❧❡❝%$♦♥✐❝ ♣$♦♣❡$%✐❡- ♦❢ ♦$❣❛♥✐❝ ♥❛♥♦-%$✉❝%✉$❡-✳

❚❤❡ ♣$❡♣❛$❛%✐♦♥ ♦❢ ♦$❣❛♥✐❝ ♥❛♥♦♣❛$%✐❝❧❡- ❝❛♥ ❜❡ ❛%%❛✐♥❡❞ ♣$✐♥❝✐♣❛❧❧② ❜②

%✇♦ $♦✉%❡-✿

❼ %❤❡ ♠❡❝❤❛♥✐❝❛❧ ♠✐❧❧✐♥❣ ♦❢ %❤❡ $❛✇ ♠❛%❡$✐❛❧- ❜② ✉❧%$❛-♦✉♥❞- ❛♥❞✴♦$

❧❛-❡$ ❛❜❧❛%✐♦♥❀

❼ %❤❡ ❝♦♥✈❡$-✐♦♥ ♦❢ %❤❡ ♣$♦❞✉❝%- ♦$ ❡❞✉❝%- ❞✐--♦❧✈❡❞ ✐♥ -✉✐%❛❜❧❡ -♦❧✈❡♥%-

✐♥%♦ ♥❛♥♦❞✐-♣❡$-❡❞ -②-%❡♠- ❜② $❡♣$❡❝✐♣✐%❛%✐♦♥✱ ❝♦♥❞❡♥-❛%✐♦♥ ♦$ ❜② -♣❡✲

❝✐✜❝ ♣$♦❝❡❞✉$❡-✳

❆% %❤❡ ♠♦♠❡♥% ❧✐%%❧❡ ✐- ❦♥♦✇ ❛❜♦✉% %❤❡ ♠♦❧❡❝✉❧❛$ ♣$♦❝❡--❡- ✇❤✐❝❤ %❛❦❡ ♣❧❛❝❡

❞✉$✐♥❣ %❤❡ ♠✐①✐♥❣ ♦❢ %✇♦ -%❛$%✐♥❣ -♦❧✉%✐♦♥- ❢♦$ ♣$♦❞✉❝✐♥❣ %❤❡ -%❛%❡ ♦❢ -✉✲

♣❡$-❛%✉$❛%✐♦♥ ✇❤✐❝❤ ✐♥✐%✐❛%❡- ♣❛$%✐❝❧❡- ❢♦$♠❛%✐♦♥✳ ❯♥❞❡$-%❛♥❞✐♥❣ %❤❡ ♠❡❝❤✲

❛♥✐-♠ ♦❢ ♦$❣❛♥✐❝ ♥❛♥♦♣❛$%✐❝❧❡- ❢♦$♠❛%✐♦♥ ✐- ♦❢ ♣$✐♠❡ ✐♠♣♦$%❛♥❝❡ ❜❡❝❛✉-❡ ✐%

❝❛♥ ❧❡❛❞✱ ❜② ✈❛$✐❛%✐♦♥ ♦❢ ♣$♦❝❡-- ♣❛$❛♠❡%❡$-✱ %♦ ❛ -♣❡❝✐✜❝ ♠❛♥✐♣✉❧❛%✐♦♥ ♦❢

✜♥❛❧ ♣$♦♣❡$%✐❡-✱ ❛- -✐③❡✱ -❤❛♣❡✱ -%❛❜✐❧✐%②✱ ♦♣%✐❝❛❧ ❜❡❤❛✈✐♦$✱ ❡❝❝✳

❍♦✇❡✈❡$✱ ♦$❣❛♥✐❝ ♥❛♥♦♠❛%❡$✐❛❧- ❤❛✈❡ ❣❛✐♥❡❞ ♠♦$❡ ❛♥❞ ♠♦$❡ ❛%%❡♥%✐♦♥ ❢♦$

%❤❡✐$ ✉♥✐H✉❡ ♦♣%♦❡❧❡❝%$♦♥✐❝ ♣$♦♣❡$%✐❡- -✉❝❤ ❛- -✐③❡✲❞❡♣❡♥❞❡♥% ♦♣%✐❝❛❧ ♣$♦♣✲

❡$%✐❡- ❬✶✹❪✱ ❧✉♠✐♥❡-❝❡♥❝❡ ❬✶✺❪✱ ❧❛$❣❡ ♥♦♥❧✐♥❡❛$ ♦♣%✐❝❛❧ ❡✣❝✐❡♥❝② ❬✶✻✱ ✸✸❪❀ %❤❡②

❛$❡ %❤✉- ❡①♣❡❝%❡❞ %♦ -❡$✈❡ ❛- ♥♦✈❡❧ ❢✉♥❝%✐♦♥❛❧ ♠❛%❡$✐❛❧- ✐♥ ❡❧❡❝%$♦♥✐❝- ❛♥❞

♣❤♦%♦♥✐❝-✳

❆♥♦%❤❡$ ✈❡$② $❡❝❡♥% ❝❧❛-- ♦❢ ♦$❣❛♥✐❝ ♥❛♥♦-%$✉❝%✉$❡- ❝♦♥-✐-%- ♦❢ -♦✲❝❛❧❧❡❞

♦$❣❛♥✐❝ ♥❛♥♦❝♦♠♣♦-✐%❡-✱ ♦❜%❛✐♥❡❞ ❜② %✇♦ ♦$ ♠♦$❡ ❞✐✛❡$❡♥% -%❛$%✐♥❣ ❝♦♠✲

♣♦✉♥❞-✳ ❚❤❡② ❞✐✛❡$ ❢$♦♠ ❤②❜$✐❞ ✐♥♦$❣❛♥✐❝✲♦$❣❛♥✐❝ ♠❛%❡$✐❛❧- ❜❡❝❛✉-❡ %❤❡②
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❛!❡ ❝♦♠♣♦'❡❞ ♦♥❧② ♦❢ ♦!❣❛♥✐❝ ❝♦♠♣♦✉♥❞'❀ ❛♥ ❡①❛♠♣❧❡ ♦❢ 2❤✐' ♥❡✇ ❝❧❛'' ♦❢

♥❛♥♦'2!✉❝2✉!❡' ❛!❡ ❞♦♣❡❞ ♦!❣❛♥✐❝ ♥❛♥♦♣❛!2✐❝❧❡'✱ 2❤❛2 '❤♦✇ ✈❡!② ✐♥2❡!❡'2✐♥❣

♣!♦♣❡!2✐❡'✱ '✉❝❤ ❛' 2✉♥❛❜❧❡ ❡♠✐''✐♦♥' ❬✶✾❪✳

■♥ 2❤✐' 2❤❡'✐' 2❤❡ ❛22❡♥2✐♦♥ ✐' ❢♦❝✉'❡❞ ♦♥ 2❤❡ ♣!❡♣❛!❛2✐♦♥ ❛♥❞ ❝❤❛!❛❝2❡!✲

✐③❛2✐♦♥ ♦❢ ♦!❣❛♥✐❝ ♥❛♥♦♣❛!2✐❝❧❡' ❛♥❞ ♥❛♥♦❝♦♠♣♦'✐2❡' ❞❡!✐✈❡❞ ❢!♦♠ ❞✐✛❡!❡♥2

2②♣❡' ♦❢ '♠❛❧❧ ♦!❣❛♥✐❝ ♠♦❧❡❝✉❧❡'✱ 2❤❡✐! '2❛❜✐❧✐③❛2✐♦♥ ❛♥❞ 2❤❡ ✉'❡ ♦❢ 2❤❡'❡ ♠❛✲

2❡!✐❛❧' ❛' ❜✐♣❤♦2♦♥✐❝ ♣!♦❜❡' ❢♦! ❜✐♦✲✐♠❛❣✐♥❣ ❬✶✼❪✳ ❋✉!2❤❡!♠♦!❡✱ ♥❡✇ 2②♣❡' ♦❢

♦!❣❛♥✐❝ ❜✐♥❛!② ❛♥❞ 2❡!♥❛!② ♥❛♥♦❛''❡♠❜❧✐❡' ❢♦! ❜✐♦❧♦❣✐❝ ❛♥❞ ♦♣2♦❡❧❡❝2!♦♥✐❝

❛♣♣❧✐❝❛2✐♦♥' ✇✐2❤ ✉♥✐C✉❡ ♦♣2✐❝❛❧ ♣!♦♣❡!2✐❡' ❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ❬✶✽❪✳

■♥ ❈❤❛♣2❡! ✶ ✇❡ ❞❡'❝!✐❜❡ '♦♠❡ ♠❡2❤♦❞' ✉'❡❞ 2♦ ♦❜2❛✐♥ 2❤✐' 2②♣❡ ♦❢

♥❛♥♦♣❛!2✐❝❧❡' ❢♦❝✉'✐♥❣ 2❤❡ ❛22❡♥2✐♦♥ ♦♥ 2❤❡ ❞❡'❝!✐♣2✐♦♥ ♦❢ 2❤❡ !❡♣!❡❝✐♣✐2❛2✐♦♥

♣!♦❝❡'' ❛♥❞ 2❤❡ ❝❧❛''✐❝❛❧ ♥✉❝❧❡❛2✐♦♥ 2❤❡♦!②✳ ■♥ 2❤❡ ❡①♣❡!✐♠❡♥2❛❧ '❡❝2✐♦♥✱ ✇❡

❢♦❝✉' 2❤❡ ❛22❡♥2✐♦♥ ♦♥ 2❤❡ '♣❡❝2!♦'❝♦♣✐❝ ❝❤❛!❛❝2❡!✐③❛2✐♦♥ ♦❢ ✢✉♦!❡'❝❡♥2 ♦!✲

❣❛♥✐❝ ♥❛♥♦♣❛!2✐❝❧❡ ✭❋❖◆'✮ '✉'♣❡♥'✐♦♥'✱ 2❤❡✐! ❝♦❧❧♦✐❞❛❧ '2❛❜✐❧✐2② ❞✉!✐♥❣ 2✐♠❡

❛♥❞ 2❤❡ ♠♦!♣❤♦❧♦❣✐❝❛❧ ❝❤❛!❛❝2❡!✐③❛2✐♦♥ ♦❢ 2❤❡ ♦❜2❛✐♥❡❞ ♥❛♥♦'2!✉❝2✉!❡'✳ ❲❡

❛❧'♦ ❞❡♠♦♥'2!❛2❡ 2❤❛2 ♥♦2 ❛❧❧ 2❤❡ '2❛!2✐♥❣ ❝❤!♦♠♦♣❤♦!❡' ❛!❡ ❛❞❡C✉❛2❡ 2♦ ❧❡❛❞

'2❛❜❧❡ '✉'♣❡♥'✐♦♥'✳

■♥ ❈❤❛♣2❡! ✷ ✇❡ ❜!✐❡✢② ❞❡'❝!✐❜❡ 2❤❡ ♠✉❧2✐♣❤♦2♦♥ ♠✐❝!♦'❝♦♣② 2❡❝❤♥✐C✉❡

❛♥❞ 2❤❡ ♠♦'2 ♣♦♣✉❧❛! ✐♥♦!❣❛♥✐❝ ❛♥❞ ♦!❣❛♥✐❝ ✭♦! ❤②❜!✐❞ ♦!❣❛♥✐❝✴✐♥♦!❣❛♥✐❝✮

❜✐♣❤♦2♦♥✐❝ ♣!♦❜❡' '✉❝❤ ❛' C✉❛♥2✉♠ ❞♦2'✱ ❞②❡✲❧♦❛❞❡❞ '✐❧✐❝❛ ♥❛♥♦♣❛!2✐❝❧❡' ❛♥❞

♥❛♥♦❞♦2'✳ ❚❤❡♥✱ ✇❡ ❢♦❝✉' 2❤❡ ❛22❡♥2✐♦♥ ♦♥ 2❤❡ ✉'❡ ♦❢ ✢✉♦!❡'❝❡♥2 ♦!❣❛♥✐❝

♥❛♥♦♣❛!2✐❝❧❡' ❛' ❜✐♣❤♦2♦♥✐❝ ♣!♦❜❡' ❛♥❞ ✇❡ !❡♣♦!2 ❛ '2✉❞② ♦♥ ❋❖◆' ❞❡'✐❣♥❡❞

❢♦! 2❤✐' ♣✉!♣♦'❡✳ ❚❤♦'❡ ♥❛♥♦'2!✉❝2✉!❡' ❤❛✈❡ ❜❡❡♥ ❢✉❧❧② ❝❤❛!❛❝2❡!✐③❡❞ ❢!♦♠ ❛

'♣❡❝2!♦'❝♦♣✐❝ ❛♥❞ ♠♦!♣❤♦❧♦❣✐❝❛❧ ♣♦✐♥2 ♦❢ ✈✐❡✇ ❛♥❞ ✜♥❛❧❧② 2❡'2❡❞ ❢♦! ✐♥ ✈✐✈♦

♠✉❧2✐♣❤♦2♦♥ ♠✐❝!♦'❝♦♣②✳

❈❤❛♣2❡! ✸ ✐' ❞❡❞✐❝❛2❡❞ 2♦ 2❤❡ '2!❛2❡❣✐❡' ❢♦! '2❛❜✐❧✐③✐♥❣ ❝♦❧❧♦✐❞❛❧ ♥❛♥♦♣❛!✲

2✐❝❧❡ '✉'♣❡♥'✐♦♥'✳ ■♥ 2❤❡ ✜!'2 ♣❛!2 ♦❢ 2❤❡ ❝❤❛♣2❡! 2❤❡ ♠♦'2 ♣♦♣✉❧❛! '2!❛2❡❣✐❡'

♦❢ '2❛❜✐❧✐③❛2✐♦♥ ❛!❡ ❞❡'❝!✐❜❡❞✱ '✉❝❤ ❛' ❡❧❡❝2!♦'2❛2✐❝✱ '2❡!✐❝ ❛♥❞ ❞❡♣❧❡2✐♦♥ '2❛✲

❜✐❧✐③❛2✐♦♥ ♣!♦❝❡''❡'✳ ■♥ 2❤❡ '❡❝♦♥❞ ♣❛!2 ✇❡ ❞❡'❝!✐❜❡ 2✇♦ ❛❧2❡!♥❛2✐✈❡ ♠❡2❤♦❞'

2♦ ✐♠♣!♦✈❡ 2❤❡ ❝♦❧❧♦✐❞❛❧ '2❛❜✐❧✐2②✿ 2❤❡ ✉'❡ ♦❢ ❞✐✛❡!❡♥2 2②♣❡' ♦❢ ❛❞❞✐2✐✈❡' ❞✉!✲
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✐♥❣ #❤❡ ♣'❡♣❛'❛#✐♦♥ ♣'♦❝❡++✱ ❛♥❞ #❤❡ ♠♦❧❡❝✉❧❛' ❞❡+✐❣♥✳ ❚❤✐+ ❧❛+# ♠❡#❤♦❞ ❝❛♥

❜❡ ❜'✐❡✢② ❞❡+❝'✐❜❡❞ ❛+ ❝♦♥❝❡✐✈✐♥❣ ♦'❣❛♥✐❝ ❞②❡+ ✇❤♦+❡ ♠♦❧❡❝✉❧❛' +#'✉❝#✉'❡ ✐+

✐♥#❡♥❞❡❞ #♦ ❢❛✈♦' +#❛❜❧❡ ❝♦❧❧♦✐❞❛❧ +✉+♣❡♥+✐♦♥+ ❞✉'✐♥❣ #✐♠❡✳

❚❤❡ ❧❛+# ♣❛'# ♦❢ #❤✐+ #❤❡+✐+✱ ❈❤❛♣#❡' ✹✱ ✐+ ❢♦❝✉+❡❞ ♦♥ ♥♦✈❡❧ #②♣❡+ ♦❢ ♦'✲

❣❛♥✐❝ ♥❛♥♦❛++❡♠❜❧✐❡+ ❝♦♥❝❡✐✈❡❞ #♦ ♦❜#❛✐♥ ❡✣❝✐❡♥# ❡♥❡'❣② ❛♥❞ ❡❧❡❝#'♦♥ #'❛♥+✲
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◆❛♥♦❞✐#♣❡)#❡❞ ♦)❣❛♥✐❝ #②#'❡♠# ❝❛♥ ❜❡ ❣❡♥❡)❛❧❧② ♦❜'❛✐♥❡❞ ✐♥ '✇♦ ✇❛②#✿
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❆♥ ♦✈❡#✈✐❡✇ ♦❢ '❤❡ ♣#♦❞✉❝'✐♦♥ ♦❢ ♦#❣❛♥✐❝ ♥❛♥♦♣❛#'✐❝❧❡, ✐♥ ❛2✉❡♦✉, ♠❡❞✐❛

❜② ♣#❡❝✐♣✐'❛'✐♦♥ ❛♥❞ ❝♦♥❞❡♥,❛'✐♦♥ ♠❡'❤♦❞, ✐, #❡♣♦#'❡❞ ✐♥ ❋✐❣✉#❡ ✶✳✶✳ ❙'❛#'✲

✐♥❣ ❢#♦♠ ❛ ❤②❞#♦♣❤♦❜✐❝ ♦#❣❛♥✐❝ ❝♦♠♣♦✉♥❞✱ '❤#❡❡ '②♣❡, ♦❢ ♣#♦❝❡,,❡, ❝❛♥ ❜❡

❞✐✛❡#❡♥'✐❛'❡❞ ❞❡♣❡♥❞✐♥❣ ♦♥ '❤❡ '②♣❡ ♦❢ ,♦❧✈❡♥' ❬✶✷❪✿

✶✳ ▲✐♣♦♣❤✐❧✐❝ .♦❧✈❡♥+ ✭■ ❛♥❞ ■■✮✳ ■♥ '❤✐, ❝❛,❡ ♥❛♥♦♣❛#'✐❝❧❡ ❢♦#♠❛'✐♦♥

'❛❦❡, ♣❧❛❝❡ ✐♥ ♦✴✇ ♠✐❝#♦❡♠✉❧,✐♦♥✱ '❤❛♥❦, '♦ '❤❡ ❡✈❛♣♦#❛'✐♦♥ ♦❢ '❤❡

❧✐♣♦♣❤✐❧✐❝ ,♦❧✈❡♥' '❤❛' ♣#♦♠♦'❡, '❤❡ ❝♦♥✈❡#,✐♦♥ ♦❢ '❤❡ ❡♠✉❧,✐♦♥ ✐♥'♦ ❛

♥❛♥♦❞✐,♣❡#,✐♦♥✳

✷✳ ❍②❞"♦♣❤✐❧✐❝ .♦❧✈❡♥+ ✭■❱ ❛♥❞ ❱✮✳ ■♥ '❤✐, ♣#♦❝❡,, '❤❡ ♣❛#'✐❝❧❡ ❢♦#♠❛✲
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✶✳✶ "#❡♣❛#❛'✐✈❡ ▼❡'❤♦❞.

❛! "❡♣♦"&❡❞ ✐♥ ❋✐❣✉"❡ ✶✳✶✳ ■♥ &❤✐! &❤❡!✐! &❤❡ ❛&&❡♥&✐♦♥ ✐! ❢♦❝✉!❡❞ ♦♥ &❤❡

♣"♦❝❡!! &❤❛& ❛❧❧♦✇! &♦ ♦❜&❛✐♥ ❤②❞"♦!♦❧! ✭■ ❛♥❞ ❱✮✱ ❛! ❞❡!❝"✐❜❡❞ ❜❡❧♦✇ ✐♥

❞❡&❛✐❧✳

❋✐❣✉$❡ ✶✳✶✿ )$❡❝✐♣✐,❛,✐♦♥ ❛♥❞ ❝♦♥❞❡♥1❛,✐♦♥ ♣$♦❝❡11❡1 ❢♦$ ,❤❡ ♣$❡♣❛$❛,✐♦♥ ♦❢

♦$❣❛♥✐❝ ♥❛♥♦♣❛$,✐❝❧❡1 ❬✶✷❪✳

✶✳✶✳✶ ❍②❞%♦'♦❧' ❙②'*❡♠' ❢%♦♠ ❍②❞%♦♣❤✐❧✐❝ ❙♦❧✈❡♥*'

❚❤❡ ♣"❡❝✐♣✐&❛&✐♦♥ ♠❡&❤♦❞ &♦ ♦❜&❛✐♥ ♦"❣❛♥✐❝ ♥❛♥♦♣❛"&✐❝❧❡! ✇❛! ✜"!& "❡♣♦"&❡❞

❜② ◆❛❦❛♥✐!❤✐ ❛♥❞ ❝♦✇♦"❦❡"! ✐♥ ✶✾✾✷ ❬✷✸✱ ✷✹❪✳ ■& ✐♥✈♦❧✈❡! ❛ !♦❧✈❡♥&✲❡①❝❤❛♥❣❡

♣"♦❝❡!!✿ ❛ ❝♦♥❝❡♥&"❛&❡❞ !♦❧✉&✐♦♥ ♦❢ ❛ ❤②❞"♦♣❤♦❜✐❝ ❝♦♠♣♦✉♥❞✱ ❞✐!!♦❧✈❡❞ ✐♥ ❛♥

♦"❣❛♥✐❝ ❤②❞"♦♣❤✐❧✐❝ !♦❧✈❡♥&✱ ✐! "❛♣✐❞❧② ✐♥&"♦❞✉❝❡❞ ✐♥&♦ ❛ ❧❛"❣❡ ❛♠♦✉♥& ♦❢ ✇❛✲

&❡" ✉♥❞❡" ✈✐❣♦"♦✉! !&✐""✐♥❣✳ ❚❤❡ "❛♣✐❞ ♠✐①✐♥❣ ♦❢ &❤❡ !&♦❝❦ !♦❧✉&✐♦♥ ✇✐&❤ &❤❡

♣♦♦" !♦❧✈❡♥& ❝❤❛♥❣❡! &❤❡ ♠✐❝"♦✲❡♥✈✐"♦♥♠❡♥& ♦❢ &❤❡ ♠♦❧❡❝✉❧❡! ❛♥❞ ✐♥❞✉❝❡! &❤❡

♣"❡❝✐♣✐&❛&✐♦♥ ♦❢ &❤❡ ❝♦♠♣♦✉♥❞✱ ✇❤✐❝❤ ❣❡♥❡"❛❧❧② ❢♦"♠! ♠✐❝"♦✴♥❛♥♦❛❣❣"❡❣❛&❡!

♦" ♠✐❝"♦✴♥❛♥♦❝"②!&❛❧!✳ ❍②❞"♦♣❤✐❧✐❝ !♦❧✈❡♥&! ✉!❡❞ ❢♦" !❡&&✐♥❣ &❤❡ ❤✐❣❤❡!& !✉✲

♣❡"!❛&✉"❛&✐♦♥ ♣♦!!✐❜❧❡ ❝❛♥ ❜❡ !♠❛❧❧✲❝❤❛✐♥ ❛❧❝♦❤♦❧!✱ ❛❝❡&♦♥❡✱ ❛❝❡&♦♥✐&"✐❧❡ ♦"

&❡&"❛❤②❞"♦❢✉"❛♥ ✭❚❍❋✮✳ ■♥ ❞❡&❛✐❧✱ &❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥❞✐&✐♦♥! ♠✉!& ❜❡ ❢✉❧✜❧❧❡❞✿

✼



✶ ❖"❣❛♥✐❝ ◆❛♥♦♣❛"+✐❝❧❡.✿ 0"❡♣❛"❛+✐♦♥ ❛♥❞ ❈❤❛"❛❝+❡"✐③❛+✐♦♥

❼ ◆✉❝❧❡❛&✐♦♥ ♠✉+& &❛❦❡ ♣❧❛❝❡ ❛& &❤❡ ❤✐❣❤❡+& ❧❡✈❡❧ ♦❢ +✉♣❡2+❛&✉2❛&✐♦♥ ♣♦+✲

+✐❜❧❡ &♦ ♠❛①✐♠✐③❡ &❤❡ ♥✉❝❧❡❛&✐♦♥ 2❛&❡✳

❼ ❚❤❡ ❧✐♠✐&❛&✐♦♥ ♦❢ ♣❛2&✐❝❧❡ ❣2♦✇&❤ ❛♥❞ &❤❡ +❡&&✐♥❣ ♦❢ ❛ ♥❛22♦✇ +✐③❡ ❞✐+✲

&2✐❜✉&✐♦♥ 2❡;✉✐2❡ ❛ ❝♦♥&2♦❧❧❡❞ ❛♥❞ 2❛♣✐❞ 2❡❞✉❝&✐♦♥ ✐♥ +✉♣❡2+❛&✉2❛&✐♦♥

+✉❜+❡;✉❡♥& &♦ &❤❡ ♥✉❝❧❡❛&✐♦♥ +&❡♣✳ ❚❤✐+ ❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞ ✉+✐♥❣ +✉✣✲

❝✐❡♥&❧② ❧♦✇ ❛❝&✐✈❡✲❝♦♠♣♦✉♥❞ ❝♦♥❝❡♥&2❛&✐♦♥ +♦ &❤❛& +❡❝♦♥❞❛2② ❝2②+&❛❧✲

❧✐③❛&✐♦♥ ♦2 ♣❛2&✐❝❧❡ ❛❣❣❧♦♠❡2❛&✐♦♥ ♣2♦❝❡++❡+ ❝❛♥ ❜❡ ❧✐♠✐&❡❞✳ ❚❤❡ ✉+❡ ♦❢

❛❞❞✐&✐✈❡+ ❛+ +♣❡❝✐✜❝ ❣2♦✇&❤ ✐♥❤✐❜✐&♦2+ ❝❛♥ ❛❧+♦ ❜❡ ❝♦♥+✐❞❡2❡❞✳

❲✐&❤ &❤❡ 2❡♣2❡❝✐♣✐&❛&✐♦♥ ♠❡&❤♦❞✱ ❛ +❡2✐❡+ ♦❢ ♦2❣❛♥✐❝ ♥❛♥♦♣❛2&✐❝❧❡+ ✇❡2❡ +✉❝✲

❝❡++❢✉❧❧② ♣2❡♣❛2❡❞ ❜② +❡✈❡2❛❧ ❣2♦✉♣+✳ ❋♦2 ❡①❛♠♣❧❡✱ ◆❛❦❛♥✐+❤✐✬+✱ ▼❛❥✐♠❛✬+

❛♥❞ ❇❛2❜❛2❛✬+ ❣2♦✉♣+ ♣2❡♣❛2❡❞ ❛♥❞ +&✉❞✐❡❞ ♣❡2②❧❡♥❡ ♥❛♥♦♣❛2&✐❝❧❡+ ❬✷✺✱ ✷✻❪✱

❍♦2♥ ❛♥❞ ❝♦✇♦2❦❡2+ ♣2❡♣❛2❡❞ ♥❛♥♦♣❛2&✐❝❧❡+ ❢2♦♠ ❜✲❝❛2♦&❡♥❡ ❬✷✼❪ ❛♥❞ ❨❛♦✬+

❛♥❞ N❛2❦✬+ ❣2♦✉♣+ +&✉❞✐❡❞ &❤❡ +✐③❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ &❤❡ ❧✉♠✐♥❡+❝❡♥❝❡ ❛♥❞ &❤❡

❡♥❤❛♥❝❡❞ ❡♠✐++✐♦♥ ♦❢ ♥❛♥♦♣❛2&✐❝❧❡+ ♣2❡♣❛2❡❞ ✐♥ &❤✐+ ✇❛② ❬✷✽✱ ✷✾❪✳

❚❤❡ 2❡♣2❡❝✐♣✐&❛&✐♦♥ ❝❛♥ ❜❡ ♠♦♥✐&♦2❡❞ ❜② ❯❱✲❱✐+ ❛❜+♦2♣&✐♦♥ +♣❡❝&2♦+❝♦♣②✱

2❡❝♦2❞✐♥❣ +♣❡❝&2❛ ❛& ❞✐✛❡2❡♥& &✐♠❡ ❞❡❧❛②+ ❛❢&❡2 &❤❡ ✐♥✐&✐❛❧ ♠✐①✐♥❣✳ ❲❤❡♥ ❛♥②

❝❤❛♥❣❡ ✐♥ &❤❡ +♣❡❝&2✉♠ ✐+ ♥♦ ♠♦2❡ ❞❡&❡❝&❛❜❧❡✱ &❤❡ 2❡♣2❡❝✐♣✐&❛&✐♦♥ ♣2♦❝❡++

❝❛♥ ❜❡ ❝♦♥+✐❞❡2❡❞ ❛+ ❝♦♠❡ &♦ ❛♥ ❡♥❞✳ ❉❡♣❡♥❞✐♥❣ ♦♥ &❤❡ ♣2♦♣❡2&✐❡+ ♦❢ &❤❡

♠♦❧❡❝✉❧❡✱ +♦♠❡ ❤♦✉2+ ♦2 ❢❡✇ +❡❝♦♥❞+ ❛2❡ 2❡;✉✐2❡❞ ✭❋✐❣✉2❡ ✶✳✷✮✳

✶✳✶✳✷ ❍②❞&♦(♦❧( ❙②(+❡♠( ❢&♦♠ ▲✐♣♦♣❤✐❧✐❝ ❙♦❧✈❡♥+(

❚❤❡ ♣2❡♣❛2❛&✐♦♥ ♦❢ &❤❡ ♥❛♥♦♣❛2&✐❝❧❡+ ❝❛♥ ❜❡ ❝❛22✐❡❞ ♦✉& ❜② ❞✐++♦❧✈✐♥❣ &❤❡

❛❝&✐✈❡ ❝♦♠♣♦✉♥❞ &♦❣❡&❤❡2 ✇✐&❤ ❛♥ ❡♠✉❧+✐✜❡2 ✐♥ ❛ +✉✐&❛❜❧❡ ❧✐♣♦♣❤✐❧✐❝ +♦❧✈❡♥&✱

&❤❡♥ ❡♠✉❧+✐❢②✐♥❣ &❤✐+ +♦❧✉&✐♦♥ ✇✐&❤ ❛♥ ❛;✉❡♦✉+ +♦❧✉&✐♦♥ ❛♥❞ ✜♥❛❧❧② 2❡♠♦✈✐♥❣

&❤❡ ♦2❣❛♥✐❝ +♦❧✈❡♥& ❜② ❞✐+&✐❧❧❛&✐♦♥✳ ❚❤❡ ❛❝&✉❛❧ ♣2❡❝✐♣✐&❛&✐♦♥✴❝2②+&❛❧❧✐③❛&✐♦♥

&❛❦❡+ ♣❧❛❝❡ ✐♥ &❤❡ ❡♠✉❧+✐♦♥ ❞2♦♣❧❡&+ ❞✉2✐♥❣ ❞✐+&✐❧❧❛&✐♦♥✱ ✇❤❡♥ &❤❡ +♦❧✉❜✐❧✐&②

❧✐♠✐& ✐+ ❝2♦++❡❞✳ ❚❤❡ ✜♥❛❧ +✐③❡ ♦❢ &❤❡ ♣❛2&✐❝❧❡+ ❞❡♣❡♥❞+ ♦♥ &❤❡ +✐③❡ ♦❢ &❤❡

❡♠✉❧+✐♦♥ ❞2♦♣❧❡&+ ❛♥❞ &❤❡ ❝♦♥❝❡♥&2❛&✐♦♥ ♦❢ &❤❡ ❛❝&✐✈❡ ❝♦♠♣♦✉♥❞✳ ❚❤❡ ♣❛2✲

&✐❝❧❡ ♠♦2♣❤♦❧♦❣② ✐+ ✉+✉❛❧❧② ♣♦❧②❝2②+&❛❧❧✐♥❡ +✐♥❝❡ &❤❡ +♦❧✐❞ ❢♦2♠❛&✐♦♥ &❛❦❡+
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✶✳✶ "#❡♣❛#❛'✐✈❡ ▼❡'❤♦❞.

❋✐❣✉$❡ ✶✳✷✿ ■♥ ,❤❡ ♣$❡❝✐♣✐,❛,✐♦♥ ♠❡,❤♦❞ ❛♥ ❛♠♦✉♥, ♦❢ ❛ 5,♦❝❦ 5♦❧✉,✐♦♥ ♦❢ ,❤❡

5♠❛❧❧ ♦$❣❛♥✐❝ ❝♦♠♣♦✉♥❞ ✐♥ ❛♥ ♦$❣❛♥✐❝ ❤②❞$♦♣❤✐❧✐❝ 5♦❧✈❡♥, ✐5 ❛❞❞❡❞ ,♦ ❛ ❧❛$❣❡

✈♦❧✉♠❡ ♦❢ ✇❛,❡$ ✉♥❞❡$ ✈✐❣♦$♦✉5 5,✐$$✐♥❣ ✭❧❡❢,✮✳ ❚❤❡ ♣$♦❝❡55 ❝❛♥ ❜❡ ♠♦♥✐,♦$❡❞

❜② ❯❱✲❱✐5 ❛❜5♦$♣,✐♦♥ 5♣❡❝,$♦5❝♦♣② ✭$✐❣❤,✮✳

♣❧❛❝❡ ❜② ❡✈❛♣♦)❛*✐♦♥ ❛* ❧♦✇ .✉♣❡).❛*✉)❛*✐♦♥✳ ❆♥ ✐♥❤❡)❡♥* ❞✐✣❝✉❧*② ✐♥ *❤✐.

♣)♦❝❡.. ❧✐❡. ✐♥ *❤❡ )❡♠♦✈❛❧ ♦❢ ❛. ♠✉❝❤ .♦❧✈❡♥* ❛. ♣♦..✐❜❧❡ ❢)♦♠ *❤❡ ✜♥❛❧

♣)♦❞✉❝* ❬✶✷❪

✾



✶ ❖"❣❛♥✐❝ ◆❛♥♦♣❛"+✐❝❧❡.✿ 0"❡♣❛"❛+✐♦♥ ❛♥❞ ❈❤❛"❛❝+❡"✐③❛+✐♦♥

✶✳✷ ❚❤❡♦'❡(✐❝❛❧ ❆♣♣'♦❛❝❤❡/

✶✳✷✳✶ ❈❧❛&&✐❝❛❧ ◆✉❝❧❡❛,✐♦♥ ❚❤❡♦1②

❉❡"♣✐%❡ ❛ ❝❡♥%✉*② ♦❢ ✐♥✈❡"%✐❣❛%✐♦♥"✱ %❤❡ ♥✉❝❧❡❛%✐♦♥ ♣*♦❝❡"" ✐" "%✐❧❧ ♥♦% ❝♦♠✲

♣❧❡%❡❧② ✉♥❞❡*"%♦♦❞✳ ❚❤✐" ✐" ♣❛*%✐❝✉❧❛*❧② %*✉❡ ❢♦* ♥❛♥♦♣❛*%✐❝❧❡ "②"%❡♠" ✐♥

✇❤✐❝❤ ♥✉❝❧❡❛%✐♦♥ ✐" %②♣✐❝❛❧❧② *❛♣✐❞ ❛♥❞ ❝❛♥ ❜❡ "%*♦♥❣❧② ❝♦✉♣❧❡❞ %♦ ❜♦%❤

❣*♦✇%❤ ❛♥❞ ❖"%✇❛❧❞ *✐♣❡♥✐♥❣✳ ❖♥❡ ♦❢ %❤❡ ♠♦"% ✇✐❞❡❧② ❛❝❝❡♣%❡❞ ♠♦❞❡❧" ❢♦*

❝♦❧❧♦✐❞ ♥✉❝❧❡❛%✐♦♥ ✐" %❤❡ ❝❧❛""✐❝❛❧ ❤♦♠♦❣❡♥♦✉" ❡;✉✐❧✐❜*✐✉♠ ♥✉❝❧❡❛%✐♦♥ %❤❡♦*②

❬✸✵❪✳

✶✳✷✳✶✳✶ ❍♦♠♦❣❡♥♦✉. ◆✉❝❧❡❛+✐♦♥✿ ❚❤❡"♠♦❞②♥❛♠✐❝ ❆.♣❡❝+.

❋♦* %❤❡ ❢♦*♠❛%✐♦♥ ♦❢ ♥❛♥♦♣❛*%✐❝❧❡" ❜② ❤♦♠♦❣❡♥♦✉" ♥✉❝❧❡❛%✐♦♥✱ ❛ "✉♣❡*"❛%✉✲

*❛%✐♦♥ ♦❢ ❣*♦✇%❤ "♣❡❝✐❡" ♠✉"% ❜❡ ❝*❡❛%❡❞ ✐♥ ❧✐;✉✐❞ "♦❧✉%✐♦♥✿ ✇❤❡♥ %❤❡ ❝♦♥✲

❝❡♥%*❛%✐♦♥ ♦❢ %❤❡ "♦❧✉%❡ ✐♥ ❛ "♦❧✈❡♥% ❡①❝❡❡❞" %❤❡ "♦❧✉❜✐❧✐%② ❧✐♠✐% ❛ ♥❡✇ ♣❤❛"❡

❛♣♣❡❛*"✳

❚❤❡ %❤❡*♠♦❞②♥❛♠✐❝ ❞*✐✈❡ ❢♦*❝❡ ✭♦* "✉♣❡*"❛%✉*❛%✐♦♥✮ ❢♦* ♣❤❛"❡ %*❛♥"❢♦*✲

♠❛%✐♦♥ ✐" ❣✐✈❡♥ ❜② %❤❡ ❞✐✛❡*❡♥❝❡ ❜❡%✇❡❡♥ %❤❡ ❝❤❡♠✐❝❛❧ ♣♦%❡♥%✐❛❧" ♦❢ %❤❡ %✇♦

✐♥❞✐✈✐❞✉❛❧ ♣❤❛"❡" ❢♦*♠✐♥❣ %❤❡ ♣❤❛"❡ ❜♦✉♥❞❛*②✳ ❋♦* ❛ ❧✐;✉✐❞✲"♦❧✐❞ "②"%❡♠ %❤✐"

✐" ❣✐✈❡♥ ❜②✿

∆µv = µsolid − µliquid ✭✶✳✶✮

✇❤❡*❡ µsolid ❛♥❞ µliquid ❛*❡ %❤❡ ❝❤❡♠✐❝❛❧ ♣♦%❡♥%✐❛❧" ♦❢ %❤❡ ❧✐;✉✐❞ ❛♥❞ "♦❧✐❞

♣❤❛"❡"✱ *❡"♣❡❝%✐✈❡❧②✳ ❆""✉♠✐♥❣ %❤❛% ✐♥ ❞✐❧✉%❡❞ "♦❧✉%✐♦♥" ❛❝%✐✈✐%② ❛♣♣*♦①✐✲

♠❛%❡" ♠♦❧❛*✐%② ❛♥❞ ❛""✉♠✐♥❣ "♦❧✐❞ ✐♥❝♦♠♣*❡""✐❜✐❧✐%②✱ %❤❡ ❝❤❡♠✐❝❛❧ ♣♦%❡♥%✐❛❧"

♦❢ ❛ ❜✉❧❦ "♣❡❝✐❡" ✭*❛❞✐✉" ✙ ∞✮ ❛*❡ ❣✐✈❡♥ ❜②✿

µliquid ≈ µe +RT ln

(

C

C0

flat

)

✭✶✳✷✮

µflat
solid ≈ µe ✭✶✳✸✮

✇❤❡*❡ R ✐" %❤❡ ❣❛" ❝♦♥"%❛♥% ✐♥ ✉♥✐%" JK−1mol−1
✱ T ✐" %❤❡ %❡♠♣❡*❛%✉*❡ ✭K✮✱

✶✵



✶✳✷ ❚❤❡♦'❡(✐❝❛❧ ❆♣♣'♦❛❝❤❡/

µe✐! "❤❡ ❡%✉✐❧✐❜)✐✉♠ ❝❤❡♠✐❝❛❧ ♣♦"❡♥"✐❛❧ ✭J/mol✮✱ C ✭mol/m3
✮ ✐! "❤❡ )❡❛❧

❝♦♥❝❡♥")❛"✐♦♥ ❛♥❞ C0

flat ✐! "❤❡ ❡%✉✐❧✐❜)✐✉♠ ❝♦♥❝❡♥")❛"✐♦♥ ❢♦) ❛ !✉)❢❛❝❡ ✇✐"❤

✐♥✜♥✐"❡ ❝✉)✈❛"✉)❡✳ ❚❤❡ !✉♣❡)!❛"✉)❛"✐♦♥ ❝❛♥ "❤❡)❡❢♦)❡ ❜❡ ❡①♣)❡!!❡❞ ❛!

∆µflat
v = −RT ln

(

C

C0

flat

)

= −RT lnS ✭✶✳✹✮

✇❤❡)❡ S = C/C0

flat ✐! "②♣✐❝❛❧❧② "❡)♠❡❞ "❤❡ !✉♣❡)!❛"✉)❛"✐♦♥ )❛"✐♦✳ ❋♦) !②!✲

"❡♠! ✇❤❡)❡ "❤❡ !♦❧✐❞ ♣❤❛!❡ ❝)②!"❛❧❧✐③❡! ✇✐"❤ ❛ ✜♥✐"❡ !✐③❡ ✭✐✳❡✳ ❢♦) ♥❛♥♦♣❛)✲

"✐❝❧❡!✮✱ ♦♥❡ ❤❛! "♦ ❛❝❝♦✉♥" ❢♦) "❤❡ ✐♥❝)❡❛!❡ ♦❢ "❤❡ ❝❤❡♠✐❝❛❧ ♣♦"❡♥"✐❛❧ ♦❢ "❤❡

!♦❧✐❞ ❝❛✉!❡❞ ❜② "❤❡ !✐❣♥✐✜❝❛♥" !✉)❢❛❝❡ ❢)❡❡ ❡♥❡)❣② ❝♦♥")✐❜✉"✐♦♥✳ ❋♦) !♣❤❡)✐❝❛❧

♣❛)"✐❝❧❡! "❤✐! ❢❛❝"♦) ✐! ❞❡!❝)✐❜❡❞ ❜② "❤❡ ❑❡❧✈✐♥ ❡%✉❛"✐♦♥✿

µs(r) = µflat
solid +

2γVm

r
✭✶✳✺✮

✇❤❡)❡ γ ✐! "❤❡ !✉)❢❛❝❡ "❡♥!✐♦♥ ✭Jm−2
✮ ❛♥❞ Vm ✐! "❤❡ ♠♦❧❛) ✈♦❧✉♠❡ ✭m3/mol✮✳

❇② ❝♦♠❜✐♥✐♥❣ ❡%✉❛"✐♦♥! ✶✳✶✱ ✶✳✷ ❛♥❞ ✶✳✺ ❛♥ ❡①♣)❡!!✐♦♥ ❢♦) "❤❡ !✐③❡✲❞❡♣❡♥❞❡♥"

❝❤❡♠✐❝❛❧ ♣♦"❡♥"✐❛❧ ❝❤❛♥❣❡ ❢♦) "❤❡ ♥✉❝❧❡❛"✐♦♥ ♦❢ ❛ !♣❤❡)✐❝❛❧ ♣❛)"✐❝❧❡ ✐! ♦❜✲

"❛✐♥❡❞✿

∆µv(r) = ∆µflat
v +

2γVm

r
✭✶✳✻✮

■❢ "❤❡)♠♦❞②♥❛♠✐❝ ❡%✉✐❧✐❜)✐✉♠✱ ∆µv(r) = 0✱ ✐! ❛!!✉♠❡❞✱ ❜② ❝♦♠❜✐♥✐♥❣ ❡%✉❛✲

"✐♦♥! ✶✳✹ ❛♥❞ ✶✳✻✱ "❤❡ ●✐❜❜!✲❚❤♦♠!♦♥ ❡%✉❛"✐♦♥ ✐! ❛""❛✐♥❡❞✿

C(r) = C0

flat exp

(

2γVm

RTr

)

✭✶✳✼✮

■♥ ❡!!❡♥❝❡✱ "❤✐! )❡❧❛"✐♦♥ ❞❡!❝)✐❜❡! "❤❡ ❡%✉✐❧✐❜)✐✉♠ ❝♦♥❝❡♥")❛"✐♦♥ ♦❢ ♠♦♥♦♠❡)

♥❡❡❞❡❞ ✐♥ !♦❧✉"✐♦♥ "♦ !✉!"❛✐♥ ❛ ♣❛)"✐❝❧❡ ♦❢ )❛❞✐✉! r✳ ❚❤✐! )❡❧❛"✐♦♥!❤✐♣ ✐! ❛"

"❤❡ ❤❡❛)" ♦❢ ❛❧❧ ♥✉❝❧❡❛"✐♦♥ ♣❤❡♥♦♠❡♥❛ ❛♥❞ ❤❛! ❜❡❡♥ ✐♥✈♦❦❡❞ ✐♥ ♣)❛❝"✐❝❛❧❧②

❡✈❡)② ❣)♦✇"❤ ♠♦❞❡❧ ♦❢ ❝♦❧❧♦✐❞!✳ ■"! ♠❛✐♥ ❧✐♠✐"❛"✐♦♥ ❧✐❡! ✐♥ "❤❡ %✉❡!"✐♦♥❛❜❧❡

❞❡✜♥✐"✐♦♥ ♦❢ !✉)❢❛❝❡ ❡♥❡)❣② ❢♦) ♥❛♥♦♠❡"❡) !✐③❡❞ ♣❛)"✐❝❧❡!✳

❚❤❡ ❝❧❛!!✐❝❛❧ ♥✉❝❧❡❛"✐♦♥ "❤❡♦)② ❛!!✉♠❡! "❤❛" ♥✉❝❧❡✐ ♠✉!" ♦✈❡)❝♦♠❡ ❛

✶✶



✶ ❖"❣❛♥✐❝ ◆❛♥♦♣❛"+✐❝❧❡.✿ 0"❡♣❛"❛+✐♦♥ ❛♥❞ ❈❤❛"❛❝+❡"✐③❛+✐♦♥

♣♦"❡♥"✐❛❧ ❡♥❡(❣② ❜❛((✐❡( ❞✉❡ "♦ "❤❡ ♥❡✇❧② ❢♦(♠✐♥❣ 2✉(❢❛❝❡ ❛(❡❛ ✐♥ ♦(❞❡( "♦

(❡❛❝❤ ❛ ♠❡"❛2"❛❜❧❡ ♣❛("✐❝❧❡ 2✐③❡✳ ❚❤❡ ♠❛①✐♠✉♠ ✐♥ "❤✐2 ♣♦"❡♥"✐❛❧ ❜❛((✐❡(

❝♦((❡2♣♦♥❞2 "♦ "❤❡ ❝(✐"✐❝❛❧ (❛❞✐✉2 r∗✱ ✇❤❡(❡ "❤❡ ♣❛("✐❝❧❡ ✐2 ❛" ❡9✉✐❧✐❜(✐✉♠

✇✐"❤ "❤❡ 2♦❧✉"✐♦♥ ♠♦♥♦♠❡( ❛2 ❣♦✈❡(♥❡❞ ❜② "❤❡ ●✐❜❜2✲❚❤♦♠2♦♥ ❡9✉❛"✐♦♥✳

❚❤❡ ❜❛((✐❡( "♦ ♥✉❝❧❡❛"✐♦♥ ❝❛♥ ❜❡ ❞❡"❡(♠✐♥❡❞ ❞✐(❡❝"❧② ❜② ❝❛❧❝✉❧❛"✐♥❣ "❤❡ ❢(❡❡

❡♥❡(❣② ✭∆G✮ ♥❡❡❞❡❞ "♦ ❝(❡❛"❡ ❛ ♥✉❝❧❡✉2 ✇✐"❤ 2✐③❡ r✿

∆G =
4

3
πr3∆Gv + 4πr2γ ✭✶✳✽✮

✇❤❡(❡ ∆Gv ✐2 "❤❡ ❝❤❛♥❣❡ ✐♥ "❤❡ ●✐❜❜2 ❢(❡❡ ❡♥❡(❣② ♣❡( ✉♥✐" ✈♦❧✉♠❡ ✭J/m3
✮

❛♥❞ ✐2 (❡❧❛"❡❞ "♦ "❤❡ ❝❤❡♠✐❝❛❧ ♣♦"❡♥"✐❛❧ ❡♥❡(❣② "❤(♦✉❣❤ ∆µv = Vm∆Gv✳

❚❤❡ ✜(2" ♣❛(" ♦❢ ✶✳✽ ❛❝❝♦✉♥"2 ❢♦( "❤❡ ❢❛✈♦(❛❜❧❡ ❢(❡❡ ❡♥❡(❣② ❛22♦❝✐❛"❡❞ "♦ "❤❡

❢♦(♠❛"✐♦♥ ♦❢ ❛ ❞❡✜♥❡❞ ✈♦❧✉♠❡ ♦❢ ♠❛"❡(✐❛❧✱ ✇❤✐❧❡ "❤❡ 2❡❝♦♥❞ ♣❛(" ❛❝❝♦✉♥"2

❢♦( "❤❡ ❢(❡❡ ❡♥❡(❣② ❛22♦❝✐❛"❡❞ ✇✐"❤ "❤❡ ✉♥❢❛✈♦(❛❜❧❡ ❢♦(♠❛"✐♦♥ ♦❢ "❤❡ 2✉(❢❛❝❡✳

❋✐❣✉(❡ ✶✳✸ (❡♣♦("2 "❤❡ ♣❧♦" ♦❢ "❤❡ ♦✈❡(❛❧❧ ❢(❡❡ ❡♥❡(❣② ❛2 ❛ ❢✉♥❝"✐♦♥ ♦❢ "❤❡ ♣❛(✲

"✐❝❧❡ 2✐③❡✳ ❲❤❡♥ "❤❡ ♣❛("✐❝❧❡ 2✐③❡ ✐♥❝(❡❛2❡2 ❜❡❧♦✇ "❤❡ ❝(✐"✐❝❛❧ (❛❞✐✉2 ✭r < r∗✮

"❤❡ ❢(❡❡ ❡♥❡(❣② ♦❢ "❤❡ 2②2"❡♠ ✐♥❝(❡❛2❡2 ❜❡❝❛✉2❡ "❤❡ 2✉(❢❛❝❡ ❝♦♠♣♦♥❡♥" ♦❢ "❤❡

●✐❜❜2 ❢(❡❡ ❡♥❡(❣② ❞♦♠✐♥❛"❡2 ♦✈❡( "❤❡ "❤❡(♠♦❞②♥❛♠✐❝❛❧❧② ❢❛✈♦(❛❜❧❡ ✈♦❧✉♠❡

❝♦♠♣♦♥❡♥"✳ ❆2 "❤❡ 2✐③❡ ✐♥❝(❡❛2❡2 ❢✉("❤❡( ✭r > r∗✮✱ "❤❡ ✈♦❧✉♠❡ ❝♦♠♣♦♥❡♥"

❜❡❣✐♥2 "♦ ♠❛❦❡ "❤❡ ♠❛❥♦( ❝♦♥"(✐❜✉"✐♦♥ "♦ "❤❡ ❜❛((✐❡( "♦ ♥✉❝❧❡❛"✐♦♥✱ 2♦ "❤❛"

"❤❡ ❢(❡❡ ❡♥❡(❣② ❞❡❝(❡❛2❡2✳ ❚❤❡ ❝(✐"✐❝❛❧ (❛❞✐✉2✱ ❝♦((❡2♣♦♥❞✐♥❣ "♦ "❤❡ ❜❛((✐❡(

♠❛①✐♠✉♠✱ (❡♣(❡2❡♥"2 "❤❡ ❜♦✉♥❞❛(② ❜❡"✇❡❡♥ "❤❡(♠♦❞②♥❛♠✐❝❛❧❧② 2"❛❜❧❡ ❛♥❞

✉♥2"❛❜❧❡ ♥❛♥♦♣❛("✐❝❧❡2✳ ◆❛♥♦♣❛("✐❝❧❡2 2♠❛❧❧❡( "❤❛♥ r∗ ❛(❡ ✉♥2"❛❜❧❡✱ 2♦ "❤❛"

"❤❡② ✇✐❧❧ ❞✐22♦❧✈❡✱ ✇❤✐❧❡ "❤♦2❡ "❤❛" ❛(❡ ❧❛(❣❡( ✭r > r∗✮ ✇✐❧❧ ❣(♦✇ ✐♥"♦ ❜✐❣❣❡(

♣❛("✐❝❧❡2✳

❚❤❡ ❝(✐"✐❝❛❧ (❛❞✐✉2 r∗ ❛♥❞ "❤❡ ❛❝"✐✈❛"✐♦♥ ❡♥❡(❣② ❝❛♥ ❜❡ ❢♦✉♥❞ ❜② 2❡""✐♥❣

"♦ ③❡(♦ "❤❡ ✜(2" ❞❡(✐✈❛"✐✈❡ ♦❢ ∆G ✿

r∗ = −

2γ

∆Gv
=

2γVm

RT lnS
✭✶✳✾✮

∆G∗ =
4πγ

3
r∗2 ✭✶✳✶✵✮
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❋✐❣✉$❡ ✶✳✸✿ ❆ +❝❤❡♠❛0✐❝ ♦❢ 0❤❡ ●✐❜❜+ ❢$❡❡ ❡♥❡$❣② ♦❢ ♥✉❝❧❡❛0✐♦♥✳ 8❛$0✐❝❧❡+

✇✐0❤ ❛ $❛❞✐✉+ $ ❁ $✯ $❡❞✐++♦❧✈❡✱ 0❤♦+❡ ✇✐0❤ $ ❃ $✯ ❣$♦✇ ❢✉$0❤❡$✳

✶✳✷✳✶✳✷ ❍♦♠♦❣❡♥♦✉/ ◆✉❝❧❡❛(✐♦♥✿ ❑✐♥❡(✐❝ ❆/♣❡❝(/

❚❤❡ ♥✉❝❧❡❛(✐♦♥ +❛(❡✱ (❤❛( ✐- (❤❡ ♥✉♠❜❡+ ♦❢ ♥✉❝❧❡✐ ✇❤✐❝❤ ❢♦+♠ ♣❡+ ✉♥✐( (✐♠❡

❛♥❞ ✈♦❧✉♠❡ ❝❛♥ ❜❡ ✇+✐((❡♥ ❛-✿

J = KJ exp

(

−

∆G∗

kBT

)

✭✶✳✶✶✮

✇❤❡+❡ KJ ✐- ❛ ❢❛❝(♦+ ✭✇❡❛❦❧② ❞❡♣❡♥❞❡♥( ♦♥ (❡♠♣❡+❛(✉+❡✮ ❞❡(❡+♠✐♥❡❞ ❜② (❤❡

❢+❡<✉❡♥❝② ♦❢ (❤❡ ♣+♦❝❡-- ❛♥❞ kB ✐- (❤❡ ❇♦❧(③♠❛♥♥ ❝♦♥-(❛♥(✳ ❈♦♠❜✐♥✐♥❣

❡<✉❛(✐♦♥- ✶✳✶✶ ❛♥❞ ✶✳✶✵✿

J = KJ exp

(

−

16πV 2
mγ3

3N2

Ak
3

BT
3 (lnS)2

)

✭✶✳✶✷✮

■❢ ✇❡ ♦❜-❡+✈❡ (❤❡ ♣❧♦( ♦❢ J ❛- ❛ ❢✉♥❝(✐♦♥ ♦❢ S ✭❋✐❣✉+❡ ✶✳✹✮ ✇❡ ❝❛♥ +❡❝♦❣♥✐③❡

❛ ♠❡(❛-(❛❜❧❡ ③♦♥❡ ✭✉♥❞❡+ (❤❡ -♦✲❝❛❧❧❡❞ ❝+✐(✐❝❛❧ -✉♣❡+-❛(✉+❛(✐♦♥✮ ✇❤❡+❡✱ ❡✈❡♥

✐❢ (❤❡ -♦❧✉(✐♦♥ ✐- -✉♣❡+-❛(✉+❛(❡❞✱ ♥✉❝❧❡❛(✐♦♥ ✐- ❛❧♠♦-( ♥❡❣❧✐❣✐❜❧❡ ❜❡❝❛✉-❡ (❤❡
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 ❛"❡ J ✐% "♦♦ ❧♦✇ ✭❢♦ ❧♦✇ ✈❛❧✉❡% ♦❢ γ✮✳

❋✐❣✉$❡ ✶✳✹✿ ❚❤❡ $❛-❡ ♦❢ ❤♦♠♦❣❡♥♦✉2 ♥✉❝❧❡❛-✐♦♥ ❣✐✈❡♥ ❜② ❡8✉❛-✐♦♥ ✶✳✶✷ ❢♦$

✈❛$✐❛❜❧❡ γ✳

❆♥ ✐♥"❡ ♣❧❛② ❜❡"✇❡❡♥ "❤❡ ♠♦❞②♥❛♠✐❝% ❛♥❞ ❦✐♥❡"✐❝% ✐% ❛❧✇❛②% ♦❝❝✉  ✐♥❣

❢♦ ❛ ❣✐✈❡♥ ♥✉❝❧❡❛"✐♦♥ ❡✈❡♥"✳ ■" ✐% ✐♠♣♦ "❛♥" "♦ ♥♦"❡ "❤❛" ♥✉❝❧❡❛"✐♦♥ ✐%

❛❧✇❛②% ♦❝❝✉  ✐♥❣ ❝♦♥❝✉  ❡♥"❧② ✇✐"❤ ❣ ♦✇"❤✳ ❆% %✉❝❤✱ "❤❡ ♥✉❝❧❡❛"✐♦♥ ❡✈❡♥"

❝♦✉♣❧❡❞ ✇✐"❤ ❣ ♦✇"❤ ❛❝"% "♦  ❛♣✐❞❧② ❞❡♣❧❡"❡ "❤❡ ♠♦♥♦♠❡ ❝♦♥❝❡♥" ❛"✐♦♥ ❢ ♦♠

"❤❡ %②%"❡♠✳ ❚❤❡  ❡%✉❧"✐♥❣ ❞❡❝ ❡❛%❡ ✐♥ %✉♣❡ %❛"✉ ❛"✐♦♥ %✉♣♣ ❡%% ❛♥② ❢✉ "❤❡ 

♥✉❝❧❡❛"✐♦♥✳ ● ♦✇"❤ ❛♥❞ ❖%"✇❛❧❞  ✐♣❡♥✐♥❣ ❛" "❤✐% ♣♦✐♥" ❜❡❝♦♠❡ "❤❡ "✇♦

♠❛❥♦ ♠❡❝❤❛♥✐%♠% ♦❢ ❡✈♦❧✉"✐♦♥ ❢♦ ❛ ❝♦❧❧♦✐❞❛❧ ❡♥%❡♠❜❧❡✳

❋✐❣✉ ❡ ✶✳✺ %❝❤❡♠❛"✐❝❛❧❧② ✐❧❧✉%" ❛"❡% "❤❡ ♣ ♦❝❡%% ♦❢ ♥✉❝❧❡❛"✐♦♥ ❛♥❞ %✉❜%❡✲

D✉❡♥" ❣ ♦✇"❤✳ ❲❤❡♥ "❤❡ ❝♦♥❝❡♥" ❛"✐♦♥ ♦❢ "❤❡ %♦❧✉"❡ ✐♥❝ ❡❛%❡% ❛% ❛ ❢✉♥❝"✐♦♥

♦❢ "✐♠❡✱ "❤❡ ♥✉❝❧❡❛"✐♦♥ ♦❝❝✉ % ✐❢ "❤❡ %✉♣❡ %❛"✉ ❛"✐♦♥  ❡❛❝❤❡% ❛ ❝❡ "❛✐♥ ✈❛❧✉❡

❛❜♦✈❡ "❤❡ %♦❧✉❜✐❧✐"②✳ ❆❢"❡ "❤❡ ✐♥✐"✐❛❧ ♥✉❝❧❡❛"✐♦♥✱ "❤❡ ❝♦♥❝❡♥" ❛"✐♦♥ ♦❢ "❤❡

%♦❧✉"❡ ❞❡❝ ❡❛%❡% ❛♥❞ "❤❡ ❝❤❛♥❣❡ ♦❢ ●✐❜❜% ❢ ❡❡ ❡♥❡ ❣②  ❡❞✉❝❡%❀ "❤❡ ❡ ✐% ❛ ♠♦✲

♠❡♥" ✐♥ ✇❤✐❝❤ ♥✉❝❧❡❛"✐♦♥ ❛♥❞ ❣ ♦✇"❤ ❛ ❡ ✐♥%❡♣❛ ❛❜❧❡ ♣ ♦❝❡%%❡%✳ ❲❤❡♥ "❤❡

❝♦♥❝❡♥" ❛"✐♦♥ ❞❡❝ ❡❛%❡% ❜❡❧♦✇ ❛ %♣❡❝✐✜❝ ❝♦♥❝❡♥" ❛"✐♦♥✱ ✇❤✐❝❤ ❝♦  ❡%♣♦♥❞%

"♦ "❤❡ ❝ ✐"✐❝❛❧ ❡♥❡ ❣②✱ ♥♦ ♠♦ ❡ ♥✉❝❧❡✐ ✇♦✉❧❞ ❢♦ ♠✱ ✇❤❡ ❡❛% ❣ ♦✇"❤ ✇✐❧❧ ♣ ♦✲
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❝♦♥❝❡♥%*❛%✐♦♥ ♦* /♦❧✉❜✐❧✐%②✳

❋✐❣✉$❡ ✶✳✺✿ ❙❝❤❡♠❛/✐❝ ♦❢ /❤❡ ♣$♦❝❡33 ♦❢ ♥✉❝❧❡❛/✐♦♥ ❛♥❞ 3✉❜3❡8✉❡♥/ ❣$♦✇/❤

✭▲❛ ▼❡$✬3 ❞✐❛❣$❛♠ ❬✸✶❪✮✳

✶✳✷✳✶✳✸ ▼❡❝❤❛♥✐/♠ ♦❢ ●'♦✇(❤

❋♦* %❤❡ ♣*❡♣❛*❛%✐♦♥ ♦❢ ♥❛♥♦♣❛*%✐❝❧❡/ ✇✐%❤ ✉♥✐❢♦*♠ /✐③❡ ❞✐/%*✐❜✉%✐♦♥✱ ✐% ✐/ ❜❡/%

✐❢ ❛❧❧ ♥✉❝❧❡✐ ❛*❡ ❢♦*♠❡❞ ❛% %❤❡ /❛♠❡ %✐♠❡✳ ■♥ %❤✐/ ❝❛/❡✱ ❛❧❧ %❤❡ ♥✉❝❧❡✐ ❛*❡ ❧✐❦❡❧②

%♦ ❤❛✈❡ /✐♠✐❧❛* /✐③❡✱ /✐♥❝❡ %❤❡② ❛*❡ ❢♦*♠❡❞ ✉♥❞❡* %❤❡ /❛♠❡ ❝♦♥❞✐%✐♦♥/✳ ■♥

❛❞❞✐%✐♦♥ ❛❧❧ %❤❡ ♥✉❝❧❡✐ ✇✐❧❧ ❤❛✈❡ %❤❡ /❛♠❡ /✉❜/❡1✉❡♥% ❣*♦✇%❤✳ ■♥ ♣*❛❝%✐❝❡✱

%♦ ❛❝❤✐❡✈❡ ❛ /❤❛*♣ ♥✉❝❧❡❛%✐♦♥✱ %❤❡ ❝♦♥❝❡♥%*❛%✐♦♥ ♦❢ %❤❡ ❣*♦✇%❤ /♣❡❝✐❡/ ✐/ ✐♥✲

❝*❡❛/❡❞ ❛❜*✉♣%❧② %♦ ❛ ✈❡*② ❤✐❣❤ /✉♣❡*/❛%✉*❛%✐♦♥ ❛♥❞ %❤❡♥ 1✉✐❝❦❧② ❜*♦✉❣❤%

❜❡❧♦✇ %❤❡ ♠✐♥✐♠✉♠ ❝♦♥❝❡♥%*❛%✐♦♥ ❢♦* ♥✉❝❧❡❛%✐♦♥✳ ❚❤❡ /✐③❡ ❞✐/%*✐❜✉%✐♦♥ ♦❢

♥❛♥♦♣❛*%✐❝❧❡/ ❝❛♥ ❜❡ ❢✉*%❤❡* ❛❧%❡*❡❞ ✐♥ %❤❡ /✉❜/❡1✉❡♥% ❣*♦✇%❤ ♣*♦❝❡//✱ ❞❡✲

♣❡♥❞✐♥❣ ♦♥ %❤❡ ❦✐♥❡%✐❝/✳

❆ ❣❡♥❡*❛❧ ❛♥❛❧②/✐/ ♦❢ %❤❡ ❣*♦✇%❤ ♣*♦❝❡// ✐/ ✐♠♣♦*%❛♥% %♦ ✉♥❞❡*/%❛♥❞

♥❛♥♦❝*②/%❛❧ /②♥%❤❡/✐/✳ ■♥ ❣❡♥❡*❛❧✱ %❤❡ /✉*❢❛❝❡ %♦ ✈♦❧✉♠❡ *❛%✐♦ ✐♥ /♠❛❧❧❡*
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❛ ♠❡❝❤❛♥✐(♠ #❤❛# ❛❧❧♦✇ #❤❡ ❢♦"♠❛#✐♦♥ ♦❢ ❧❛"❣❡" ♣❛"#✐❝❧❡( ❛# ❛ ❝♦(# ♦❢ #❤❡

(♠❛❧❧❡" ♣❛"#✐❝❧❡( "❡❞✉❝❡( #❤❡ (✉"❢❛❝❡ ❡♥❡"❣② ❛♥❞ ❤❡♥❝❡ ♣❧❛②( ❛ ❦❡② "♦❧❡ ✐♥

#❤❡ ❣"♦✇#❤ ♦❢ ♥❛♥♦♣❛"#✐❝❧❡(✳

❈♦❛"(❡♥✐♥❣ ❡✛❡❝#(✱ ❝♦♥#"♦❧❧❡❞ ❡✐#❤❡" ❜② ♠❛(( #"❛♥(♣♦"# ♦" ❞✐✛✉(✐♦♥✱ ❛"❡

♦❢#❡♥ #❡"♠❡❞ #❤❡ ❖(#✇❛❧❞ "✐♣❡♥✐♥❣ ♣"♦❝❡((✳ ❚❤✐( ♣"♦❝❡(( ✐( ❞♦♠✐♥❛#❡❞ ❜② #❤❡

(✉"❢❛❝❡ ❡♥❡"❣② ♦❢ #❤❡ ♣❛"#✐❝❧❡✳ ❚❤❡ ❝❤❡♠✐❝❛❧ ♣♦#❡♥#✐❛❧ ♦❢ ❛ ♣❛"#✐❝❧❡ ✐♥❝"❡❛(❡(

✇✐#❤ ❞❡❝"❡❛(✐♥❣ ♣❛"#✐❝❧❡ (✐③❡ (♦ #❤❡ ❡)✉✐❧✐❜"✐✉♠ (♦❧✉#❡ ❝♦♥❝❡♥#"❛#✐♦♥ ❢♦" ❛

(♠❛❧❧ ♣❛"#✐❝❧❡ ✐( ♠✉❝❤ ❤✐❣❤❡" #❤❛♥ ❢♦" ❧❛"❣❡ ♣❛"#✐❝❧❡(✱ ❛( ❞❡(❝"✐❜❡❞ ❜② #❤❡

●✐❜❜(✲❚❤♦♠♣(♦♥ ❡)✉❛#✐♦♥ ✶✳✼✳ ❚❤❡ "❡(✉❧#✐♥❣ ❝♦♥❝❡♥#"❛#✐♦♥ ❣"❛❞✐❡♥#( ❧❡❛❞

#♦ #"❛♥(♣♦"# ♦❢ #❤❡ (♦❧✉#❡ ❢"♦♠ #❤❡ (♠❛❧❧ ♣❛"#✐❝❧❡( #♦ #❤❡ ❧❛"❣❡" ♣❛"#✐❝❧❡( ❬✸✷❪✳

✶✳✷✳✷ ❆❣❣%❡❣❛(✐♦♥

❆❣❣"❡❣❛#✐♦♥ ♣❤❡♥♦♠❡♥❛ ♣❧❛② ❛ ❝"✐#✐❝❛❧ "♦❧❡ ✐♥ #❤❡ ♣"❡♣❛"❛#✐♦♥ ♦❢ ♠❛♥② ❝♦❧✲

❧♦✐❞❛❧ (②(#❡♠(✱ (♦ #❤❛# ❡①♣❧❛♥❛#✐♦♥( ❛"❡ ♥❡❡❞❡❞ ❢♦" #❤❡ ❝♦♥❞✐#✐♦♥ ✉♥❞❡" ✇❤✐❝❤

❝♦❧❧♦✐❞( ❛"❡ (#❛❜❧❡✱ ♦" ❤♦✇ ♣❛"#✐❝❧❡( #❤❡♠(❡❧✈❡( ❝❛♥ ❜❡ ❛❣❣"❡❣❛#❡❞ ♦" ✢♦❝❝✉✲

❧❛#❡❞ ✐♥ ❛ #❛"❣❡#❡❞ ♠❛♥♥❡" ❬✶✷❪✳ ❚❤❡"❡ ❛"❡ #✇♦ ♠❛✐♥ #②♣❡( ♦❢ ❝♦❧❧♦✐❞❛❧ ❢♦"❝❡(✿

✈❛♥ ❞❡" ❲❛❛❧( ✐♥#❡"❛❝#✐♦♥( ❛♥❞ ❡❧❡❝#"✐❝❛❧ ❞♦✉❜❧❡✲❧❛②❡" ✐♥#❡"❛❝#✐♦♥( ❬✸✸❪✳

❱❛♥ ❞❡" ❲❛❛❧. ❋♦"❝❡

❚❤❡ ❱❛♥ ❞❡" ❲❛❛❧( ❢♦"❝❡ ✭Fdisp✮ ❜❡#✇❡❡♥ #✇♦ ✐❞❡♥#✐❝❛❧ (♣❤❡"✐❝❛❧ ♣❛"#✐❝❧❡( ♦❢

"❛❞✐✉( r ❛# (❡♣❛"❛#✐♦♥ D ✭D ❁ ✶✵✲✶✵✵ ♥♠✮ ❝❛♥ ❜❡ ❞❡(❝"✐❜❡❞ ❜② #❤❡ ❍❛♠❛❦❡"

❡)✉❛#✐♦♥ ❬✸✹❪✿

Fdisp
∼=

Ar

12D6
✭✶✳✶✸✮

✇❤❡"❡ A ✐( #❤❡ ❍❛♠❛❦❡" ❝♦♥(#❛♥#✱ ❛ ♣"♦♣❡"#② ♦❢ #❤❡ ♠❛#❡"✐❛❧ ❛♥❞ #❤❡ ❡♥✈✐✲

"♦♥♠❡♥#✳ ❙✐♥❝❡ A ✐( ♣♦(✐#✐✈❡✱ #❤❡ ✈❛♥ ❞❡" ❲❛❛❧( ✐♥#❡"❛❝#✐♦♥ ✐( ❛##"❛❝#✐✈❡✳
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✶✳✷ ❚❤❡♦'❡(✐❝❛❧ ❆♣♣'♦❛❝❤❡/

❊❧❡❝('✐❝ ❉♦✉❜❧❡✲▲❛②❡' ■♥(❡'❛❝(✐♦♥/

❊❧❡❝$%♦'$❛$✐❝ ✐♥$❡%❛❝$✐♦♥' ♦%✐❣✐♥❛$❡ ❞✉❡ $♦ $❤❡ ♣%❡'❡♥❝❡ ♦❢ ✐♥❞✉❝❡❞ ❝❤❛%❣❡'

❛$ ♣❛%$✐❝❧❡ '✉%❢❛❝❡'✳ ❚❤❡ ❝❤❛%❣❡ ✐' ❝♦♥❝❡♥$%❛$❡❞ ❛$ $❤❡ ♣❛%$✐❝❧❡✴'♦❧✈❡♥$ ✐♥✲

$❡%❢❛❝❡✱ ❢♦%♠✐♥❣ ❛ $❤✐♥ ❧❛②❡% ♦❢ ♥❡❣❧✐❣✐❜❧❡ ❞✐♠❡♥'✐♦♥ ✐♥ ❝♦♠♣❛%✐'♦♥ ✇✐$❤ $❤❡

♣❛%$✐❝❧❡ '✐③❡✳ ❚❤❡ '✉%❢❛❝❡ ❝❤❛%❣❡ ✐' ❝♦♠♣❡♥'❛$❡❞ ❜② ❛ ❝❤❛%❣❡ ♦❢ ♦♣♣♦'✐$❡

'✐❣♥ ❞✐'$%✐❜✉$❡❞ $❤%♦✉❣❤♦✉$ $❤❡ ❝♦♥$✐♥✉♦✉' ♣❤❛'❡ ✐♥ ♦%❞❡% $♦ ❢✉❧✜❧❧ $❤❡ ♦✈❡%✲

❛❧❧ ❡❧❡❝$%♦♥❡✉$%❛❧✐$② ❝♦♥❞✐$✐♦♥✳ ■♥ $❤❡ ❝❛'❡ ♦❢ ♣♦❧❛% ♠❡❞✐❛ ✭❛?✉❡♦✉' '♦❧✉$✐♦♥'✮

❛♥ ❡❧❡❝$%✐❝❛❧ ❞♦✉❜❧❡ ❧❛②❡% ✐' ❢♦%♠❡❞ ✭❋✐❣✉%❡ ✶✳✻✮✱ ✇❤✐❝❤ ❛✛❡❝$' ♠♦'$ ♦❢ $❤❡

❞②♥❛♠✐❝ ♣❤❡♥♦♠❡♥❛ ♦❝❝✉%%✐♥❣ ✐♥ ❝♦❧❧♦✐❞❛❧ '②'$❡♠'✱ ❛' ✇❡❧❧ ❛' $❤❡✐% '$❛❜✐❧✐$②✳

❍♦✇❡✈❡% ♥♦ ❝♦♠♣❧❡$❡ $❤❡♦%② ❤❛' ②❡$ ❡♠❡%❣❡❞ ♦♥ $❤✐' '✉❜❥❡❝$✳ ❆$ ♣%❡'❡♥$✱

$✇♦ ♠❛✐♥ ♣❛$❤' ♦❢ $❤✐♥❦✐♥❣ ❛❜♦✉$ $❤❡ ❞♦✉❜❧❡ ❧❛②❡% ❡①✐'$✿

❼ ❆ ♣❤❡♥♦♠❡♥♦❧♦❣✐❝❛❧ ❛♣♣%♦❛❝❤ ❜❛'❡❞ ♦♥ $❤❡ ❧♦❝❛❧ $❤❡%♠♦❞②♥❛♠✐❝ ❜❛❧✲

❛♥❝❡ ✭❉▲❱❖ $❤❡♦%②✮ ❬✸✻❪❀

❼ ❚❤❡ '$❛$✐'$✐❝❛❧✲$❤❡%♠♦❞②♥❛♠✐❝ ❛♣♣%♦❛❝❤ ❬✸✼❪✳

❚❤❡ ❢♦%♠❡% ❛♣♣%♦❛❝❤ ✐' ❧❡'' '$%✐❝$ ❛♥❞✱ ❛' '✉❝❤✱ ✐$ ✐' ❛♣♣❧✐❝❛❜❧❡ $♦ ❛ ❜%♦❛❞

%❛♥❣❡ ♦❢ '✐$✉❛$✐♦♥' ♦❢ ♣%❛❝$✐❝❛❧ ✐♥$❡%❡'$✱ ✇❤✐❧❡ $❤❡ ♠♦%❡ ❣❡♥❡%❛❧ '$❛$✐'$✐❝❛❧✲

$❤❡%♠♦❞②♥❛♠✐❝ ❛♣♣%♦❛❝❤ ♣%♦❞✉❝❡' %❛$❤❡% '♣❡❝✐✜❝ %❡'✉❧$'✱ '♦ $❤❛$ ✐$ ✐' ♠❛✐♥❧②

❛♣♣❧✐❝❛❜❧❡ ❢♦% ♣❧❛♥❛% ❣❡♦♠❡$%②✳

❲✐$❤♦✉$ ❣♦✐♥❣ ✐♥$♦ $❤❡ ♠❛$❤❡♠❛$✐❝❛❧ ❞❡$❛✐❧' ✐$ ♠✉'$ ❜❡ ♣♦✐♥$❡❞ ♦✉$ $❤❛$

$❤❡ ♣%❡'❡♥❝❡ ♦❢ $❤❡ ❡❧❡❝$%✐❝❛❧ ❞♦✉❜❧❡✲❧❛②❡% ❝%❡❛$❡' ❛ ♣♦$❡♥$✐❛❧ ❛%♦✉♥❞ $❤❡

♣❛%$✐❝❧❡ ❝❛❧❧❡❞ ③❡$❛✲♣♦$❡♥$✐❛❧✱ $❤❛$ ✐' ❞✐%❡❝$❧② %❡❧❛$❡❞ $♦ $❤❡ '✉%❢❛❝❡ ♣♦$❡♥$✐❛❧✱

❛' '❤♦✇♥ ✐♥ ❋✐❣✉%❡ ✶✳✻✳

❚❤❡ '$❛❜✐❧✐③❛$✐♦♥ ♦❢ ♥❛♥♦♣❛%$✐❝❧❡ ❞✐'♣❡%'✐♦♥' ❛❣❛✐♥'$ ❛❣❣%❡❣❛$✐♦♥ %❡?✉✐%❡'

$❤❡ ♣%❡'❡♥❝❡ ♦❢ ❛♥ ❡♥❡%❣② ❜❛%%✐❡% ❜❡$✇❡❡♥ $❤❡ ♣❛%$✐❝❧❡' $❤❛$ ♣%❡✈❡♥$' $❤❡✐%

❛♣♣%♦❛❝❤ ✇❤❡♥ $❤❡ ✈❛♥ ❞❡% ❲❛❛❧' ❛$$%❛❝$✐♦♥ ✐' ❧❛%❣❡✳ ❚✇♦ ❣❡♥❡%❛❧ ♠❡❝❤❛✲

♥✐'♠' ❢♦% $❤❡ '$❛❜✐❧✐③❛$✐♦♥ ♦❢ '✉'♣❡♥'✐♦♥' ❝❛♥ ❜❡ ♦✛❡%❡❞✳ ❚❤❡ ✜%'$ ✐' %❡❢❡%%❡❞

$♦ ❛' ❡❧❡❝$%♦'$❛$✐❝ '$❛❜✐❧✐③❛$✐♦♥ ❛♥❞ ✐' ❜❛'❡❞ ♦♥ ❝❤❛%❣❡ '❡♣❛%❛$✐♦♥ ❛♥❞ ❢♦%✲

♠❛$✐♦♥ ♦❢ ❡❧❡❝$%✐❝❛❧ ❞♦✉❜❧❡ ❧❛②❡%' ✐♥ ❛?✉❡♦✉' ♠❡❞✐✉♠✱ ✇❤✐❝❤ ❞❡$❡%♠✐♥❡' $❤❡

%❡♣✉❧'✐♦♥ ♦❢ ♣❛%$✐❝❧❡' ❛♥❞ ♣%❡✈❡♥$' ❛❣❣%❡❣❛$✐♦♥❀ $❤❡ '❡❝♦♥❞ ✐' $❤❡ ✉'❡ ♦❢
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✶ ❖"❣❛♥✐❝ ◆❛♥♦♣❛"+✐❝❧❡.✿ 0"❡♣❛"❛+✐♦♥ ❛♥❞ ❈❤❛"❛❝+❡"✐③❛+✐♦♥

 ✉"❢❛❝&❛♥& ♦" ♣♦❧②♠❡" ❛"♦✉♥❞ &❤❡ ♣❛"&✐❝❧❡  ✉"❢❛❝❡ &❤❛& ♣"❡✈❡♥&✱ ❜② ❡❧❡❝✲

&"♦ &❛&✐❝ ♦"  &❡"✐❝ ✐♥&❡"❛❝&✐♦♥ ✱ &❤❡ ❢♦"♠❛&✐♦♥ ♦❢ ❛❣❣"❡❣❛&❡ ❬✸✽❪✳ ■& ❤❛ ❜❡❡♥

❡♠♣✐"✐❝❛❧❧② ❞❡♠♦♥ &"❛&❡❞ &❤❛& ♥❛♥♦♣❛"&✐❝❧❡  ✉ ♣❡♥ ✐♦♥ ✇✐&❤ ③❡&❛✲♣♦&❡♥&✐❛❧

❛❜ ♦❧✉&❡ ✈❛❧✉❡ ❛❜♦✈❡ ✸✵ ♠❱ ❝❛♥ ❜❡ ❝♦♥ ✐❞❡"❡❞  &❛❜❧❡✳

❋✐❣✉$❡ ✶✳✻✿ ❙❝❤❡♠❛/✐❝ ♦❢ ❡❧❡❝/$✐❝❛❧ ❞♦✉❜❧❡ ❧❛②❡$ ❛/ /❤❡ 6✉$❢❛❝❡ ♦❢ ❛ ♥❛♥♦♣❛$✲

/✐❝❧❡✳
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✶✳✸ ❈❤❛&❛❝(❡&✐③❛(✐♦♥ ▼❡(❤♦❞0

✶✳✸ ❈❤❛&❛❝(❡&✐③❛(✐♦♥ ▼❡(❤♦❞0

■♥ ❣❡♥❡$❛❧ ✐( ✐) ✈❡$② ❤❛$❞ (♦ ❢♦❧❧♦✇ ❡①♣❡$✐♠❡♥(❛❧❧② (❤❡ ❢♦$♠❛(✐♦♥ ♦❢ ♦$❣❛♥✐❝

♥❛♥♦♣❛$(✐❝❧❡) ❢$♦♠ (❤❡ (✐♠❡♣♦✐♥( ✇❤❡♥ )✉♣❡$)❛(✉$❛(✐♦♥ ✐) $❡❛❧✐③❡❞✱ ❜❡❝❛✉)❡

(❤❡ ♣❛$(✐❝❧❡ ❢♦$♠❛(✐♦♥ ❞✉$✐♥❣ ♣$❡❝✐♣✐(❛(✐♦♥ ♦❝❝✉$) ♦♥ ❛ )❤♦$( (✐♠❡ )❝❛❧❡✱

❞♦✇♥ (♦ ♠✐❧❧✐)❡❝♦♥❞ ❢♦$ )♦♠❡ )②)(❡♠)✳ ■♥ ♠♦)( ❝❛)❡) ❛ ❞❡)❝$✐♣(✐♦♥ ♦❢ (❤❡

♠❡❝❤❛♥✐)♠ ♦❢ ♣❛$(✐❝❧❡ ❢♦$♠❛(✐♦♥ ✐) )(✐❧❧ ❧✐♠✐(❡❞ (♦ ❛ $❡($♦)♣❡❝(✐✈❡ ❞❡$✐✈❛(✐♦♥

❢$♦♠ (❤❡ )($✉❝(✉$❡ ♦❢ (❤❡ ♣❛$(✐❝❧❡) ❢♦$♠❡❞ ❬✶✷❪✳ ❆♥②✇❛②✱ ✐( ✐) ♣♦))✐❜❧❡ (♦

❢♦❧❧♦✇ (❤❡ ❢♦$♠❛(✐♦♥ ♦❢ ♥❛♥♦♣❛$(✐❝❧❡) ❜② ❯❱✲✈✐) )♣❡❝($♦)❝♦♣② ❛♥❞ (♦ ❡)(❛❜✲

❧✐)❤ ✇❤❡♥ $❡♣$❡❝✐♣✐(❛(✐♦♥ ✐) ❝♦♠♣❧❡(❡ ✭❋✐❣✉$❡ ✶✳✷✮✳ ❚❤❡ ❢♦$♠❛(✐♦♥ ❛♥❞ (❤❡

❣$♦✇(❤ ♦❢ ♥❛♥♦♣❛$(✐❝❧❡) ❛✛❡❝( (❤❡ ♦♣(✐❝❛❧ ♣$♦♣❡$(✐❡) ♦❢ (❤❡ )✉)♣❡♥)✐♦♥✿ ❣❡♥✲

❡$❛❧❧② ❛ ❞❡❝$❡❛)❡ ♦♥ ❛❜)♦$♣(✐♦♥ ♠❛①✐♠✉♠ ✭✐✳❡✳ ❡①(✐♥❝(✐♦♥ ❝♦❡✣❝✐❡♥(✮ ❛♥❞ ❛

)❤✐❢( ✭♦❢(❡♥ (♦✇❛$❞) (❤❡ $❡❞✮ ♦❢ (❤❡ ♠❛①✐♠✉♠ ❛$❡ ♦❜)❡$✈❡❞ ❢$♦♠ (❤❡ )✉♣❡$✲

)❛(✉$❛(✐♦♥ (✐♠❡ ✉♥(✐❧ (❤❡ ❡♥❞ ♦❢ (❤❡ ♣$♦❝❡))✳ ❲❤❡♥ ♥♦ ❝❤❛♥❣❡) ❛$❡ ❛♥② ♠♦$❡

❞❡(❡❝(❛❜❧❡ ♦♥ (❤❡ ❛❜)♦$♣(✐♦♥ )♣❡❝($✉♠ ♦❢ (❤❡ ❝♦❧❧♦✐❞✱ (❤❡ $❡♣$❡❝✐♣✐(❛(✐♦♥ ❝❛♥

❜❡ ❝♦♥)✐❞❡$❡❞ ❛) ❝♦♠❡ (♦ ❛♥ ❡♥❞✳

❈❤❛$❛❝(❡$✐③❛(✐♦♥ ♦❢ (❤❡ ❛)✲♣$❡♣❛$❡❞ )✉)♣❡♥)✐♦♥) ✐) ❞♦♥❡ ❜② ✉)✐♥❣ ❛ ✈❛$✐❡(②

♦❢ ❞✐✛❡$❡♥( (❡❝❤♥✐K✉❡)✱ ✇❤✐❝❤ ❞❡♣❡♥❞ ♦♥ (❤❡ ♣$♦♣❡$(✐❡) ♦❢ ✐♥(❡$❡)(✳ ●❡♥❡$✲

❛❧❧②✱ ♥❛♥♦♣❛$(✐❝❧❡ ♣$♦♣❡$(✐❡) ❛$❡ ❞✐✈✐❞❡❞ ✐♥ ♦♣(♦❡❧❡❝($♦♥✐❝ ❛♥❞ ♠♦$♣❤♦❧♦❣✐❝❛❧

♣$♦♣❡$(✐❡)✱ ♦❢(❡♥ $❡❧❛(❡❞ (♦ ❡❛❝❤ ♦(❤❡$✳

✶✳✸✳✶ ❖♣%♦❡❧❡❝%*♦♥✐❝ -*♦♣❡*%✐❡.

■( ✇❛) ❢♦✉♥❞ (❤❛( (❤❡ ♦♣(✐❝❛❧ ❛♥❞ ❡❧❡❝($♦♥✐❝ ♣$♦♣❡$(✐❡) ♦❢ ♦$❣❛♥✐❝ ♥❛♥♦♠❛(❡✲

$✐❛❧) ❛$❡ ❢✉♥❞❛♠❡♥(❛❧❧② ❞✐✛❡$❡♥( ❢$♦♠ (❤♦)❡ ♦❢ (❤❡✐$ ✐♥♦$❣❛♥✐❝ ❝♦✉♥(❡$♣❛$()✱

❜❡❝❛✉)❡ (❤❡ ✐♥(❡$♠♦❧❡❝✉❧❛$ ✐♥(❡$❛❝(✐♦♥) ✐♥ ♦$❣❛♥✐❝ ♠❛(❡$✐❛❧) ❛$❡ ❜❛)✐❝❛❧❧② ♦❢

✇❡❛❦ (②♣❡)✱ )✉❝❤ ❛) ❤②❞$♦❣❡♥ ❜♦♥❞)✱ ♣✲♣ )(❛❝❦✐♥❣✱ ✈❛♥ ❞❡$ ❲❛❛❧) ❝♦♥(❛❝()

❛♥❞ ❝❤❛$❣❡ ($❛♥)❢❡$ ✭❈❚✮ ✐♥(❡$❛❝(✐♦♥)✳ ❚❤❡ $❡)✉❧(✐♥❣ ♣$♦♣❡$(✐❡)✱ )✉❝❤ ❛) )✐③❡✲

❞❡♣❡♥❞❡♥( ♦♣(✐❝❛❧ ♣$♦♣❡$(✐❡) ❬✸✾❪✱ )✐③❡✲(✉♥❛❜❧❡ ❡♠✐))✐♦♥✱ ♠✉❧(✐♣❧❡ ❡♠✐))✐♦♥

❬✹✵❪✱ (✉♥❛❜❧❡✴)✇✐(❝❤❛❜❧❡ ❡♠✐))✐♦♥ ❬✹✶❪✱ ❛❣❣$❡❣❛(✐♦♥✲✐♥❞✉❝❡❞ ❡♠✐))✐♦♥ ❬✹✷❪ ❛$❡

♣$✐♥❝✐♣❛❧❧② )(✉❞✐❡❞ ❜② ❯❱✲✈✐) ❛♥❞ ✢✉♦$❡)❝❡♥❝❡ )♣❡❝($♦)❝♦♣② ❛♥❞ ✢✉♦$❡)❝❡♥❝❡

♠✐❝$♦)❝♦♣② ✐♥ (❤❡ ❝❛)❡ ♦❢ ♠✐❝$♦✲)($✉❝(✉$❡)✳ ◆♦♥❧✐♥❡❛$ ♦♣(✐❝❛❧ ♣$♦♣❡$(✐❡)✱
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%✐❝❧❡ ✭ ✐③❡✱  ❤❛♣❡✱ ❞✐ ♣❡/ ✐%②✮ ❛/❡ ❡❧❡❝%/♦♥ ♠✐❝/♦ ❝♦♣②✱  ✉❝❤ ❛ %/❛♥ ♠✐  ✐♦♥

❡❧❡❝%/♦♥ ♠✐❝/♦ ❝♦♣② ✭❚❊▼✮ ♦/  ❝❛♥♥✐♥❣ ❡❧❡❝%/♦♥ ♠✐❝/♦ ❝♦♣② ✭❙❊▼✮✱ ❛%♦♠✐❝
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